ABSTRACT: High ambient temperature exposure can cause major reductions in intestinal function, pig performance, and, if severe enough, mortality. Therefore, our objective was to examine how acute heat stress (HS) alters growing pig intestinal integrity and metabolism. Individually penned crossbred gilts and barrows (46 ± 6 kg BW) were exposed to either thermal neutral (TN; 21°C; 35 to 50% humidity; n = 8) or HS conditions (35°C; 24 to 43% humidity; n = 8) for 24 h. All pigs had ad libitum access to feed and water. Rectal temperature (Tr), respiration rates (RR), BW, and feed intake (FI) were measured. Pigs were killed after 24 h of environmental exposure and freshly isolated ileum and colon samples were mounted into modifi ed Ussing chambers. Segments were analyzed for glucose and glutamine nutrient transport and barrier integrity [transepithelial electrical resistance (TER) and fl uorescein isothiocyanate-labeled dextran transport].
INTRODUCTION
High ambient temperature and heat stress (HS) are costly the swine industry, which may be due a lack of functional sweat glands and a substantial layer of subcutaneous adipose tissue and produce a large amount of metabolic heat (D'Allaire et al., 1996) . Heat-stressed animals redistribute blood to the periphery in an attempt to maximize radiant heat dissipation and this blood redistribution is supported by vasoconstriction of the gastrointestinal tract (Lambert, 2009) . Consequently, reduced blood and nutrient fl ow leads to hypoxia at the intestinal epithelium, which ultimately compromises intestinal integrity (Yan et al., 2006) . The HS-induced intestinal permeability increases blood markers of endotoxemia, hypoxia, and infl ammation (Hall et al., 2001) . Therefore, our objectives were to evaluate the effects of acute HS on intestinal integrity and mucosal digestive function in growing pigs. We hypothesized that an acute heat load would detrimentally alter intestinal integrity and function in growing pigs.
MATERIALS AND METHODS
Sixteen crossbred gilts (6) and barrows (10; 46 ± 6 kg BW) were housed in individual pens in 1 of 2 rooms and allowed ad libitum access to water and feed (feed was formulated to meet NRC requirements). To evaluate the effects of an acute heat load, pigs were exposed to either thermal neutral (TN; 21°C; 35-50% humidity; n = 8) or HS conditions (35°C; 24-43% humidity; n = 8) for 24 h. Feed intake (FI) and body temperature parameters (rectal temperature [Tr] and respiration rates [RR]) were monitored 6 times daily (0400, 0800, 1200, 1600, 2000, and 2400 h). Body weights were recorded on all animals at the beginning of the experiment and immediately preceding sacrifi ce. Jugular blood was obtained via venipuncture from each pig immediately prior to sacrifi ce and exsanguination. Circulating blood glucose (via i-STAT) and serum endotoxin (PyroGene Recombinant Factor C Endotoxin Detection System, Lonza, Walkersville, MD) concentrations were measured. Freshly isolated ileum and colon samples were mounted into modifi ed Ussing chambers (Physiological Instruments, San Diego, CA). Active glucose and glutamine nutrient transport and transepithelial electrical resistance (TER; as a marker of barrier function and integrity) were measured as previously described (Gabler et al., 2007) . Furthermore, mucosal to serosal fl uorescein isothiocyanate (FITC)-labeled dextran transport (4 kDa) and apparent permeability coeffi cient (APP) was calculated (Tomita et al., 2004) . Ileal mucosal lactase, maltase, sucrase, and L-alanine aminopeptidase activities were analyzed using modifi ed methods of Dahlqvist (1984) and Roncari and Zuber (1969) . As a measure of cellular hypoxia and stress, expression of hypoxiainducible factor 1α (HIF-1α) and heat shock protein 70 (HSP 70) were analyzed via western blot.
All data were statistically analyzed using the PROC MIXED procedure of SAS version 9.1 (SAS Institute Inc., Cary, NC). Data are reported as least square means and considered signifi cant if P < 0.05. The model included a fi xed effect of treatment (TN vs. HS) as well as a fi xed effect of sex and replication of harvest if signifi cant. Phenotypic data represented as means of all 6 time point measurements and not as repeated measures.
RESULTS AND DISCUSSION
Heat stress disrupts intestinal tight junctions and increases permeability in a number of animal species (Lambert, 2009; Yang et al., 2007) . Repartitioning of blood results in reduced blood fl ow to the intestinal epithelium and this causes hypoxia and oxidative stress (Lambert, 2009 ). In the current study, HS pigs had elevated Tr and RR (39.3 vs. 40.9°C, P < 0.01, and 52 vs. 119 breaths per minute, P < 0.05, respectively). Additionally, pigs in HS conditions for 24 h had decreased FI (53%; P < 0.05) and BW (-2.2 kg; P < 0.05) compared to TN pigs. As expected, HS increased (39%; P ≤ 0.05; Table 1 ) mucosal HIF-1α protein expression. Under hypoxic conditions, HIF-1α is rapidly upregulated to support many aspects of cell survival (Katschinski et al., 2002) . Interestingly, HIF-1α may also activate myosin light chain kinase, which is responsible for increased cellular permeability (Qi et al., 2011) .
The intestinal epithelial barrier comprises tight junctions and secretory proteins that aid in preventing the lumen to serosa movement of harmful molecules or toxins. In agreement with other species (Dokladny et al., 2010) as well as pigs (Pearce et al., 2011) , we have confi rmed that ileum and colon integrity is compromised in HS pigs (TER decreased 52 and 24%, respectively; P < 0.05; Table 1 ). Furthermore, the APP (transport of the macromolecule FITC-dextran) was markedly elevated in the ileum and colon (119 and 472%, respectively; P < 0.05; Table 1 ) due to HS. This increased permeability can lead to endotoxemia and infl ammation (Hall et al., 2001) . As a result, circulating serum endotoxin concentrations also increased 200% due to HS (P = 0.05; Table 1 ). After 24 h of an acute heat load, HS pigs were hyperglycemic (12%; P < 0.05; Table 1 ). This may be a result of increased (283%; P < 0.05) ileum active glucose transport activity (Table 1) , increased rates of hepatic glycogenolysis, and increased gluconeogenesis or decreased glucose pool removal. Our glucose transport data agree with a previous report indicating HS upregulates intestinal hexose transport in chickens (Garriga et al., 2006) . However, examination of ileal mucosal carbohydrases revealed sucrase and maltase activities to be signifi cantly decreased by HS (30 and 24%, respectively; P < 0.05; Table 1 ). Lactase activity did not differ between treatment groups (P = 0.37) and this was expected as pigs of this age have little lactase activity. Interestingly, there were no differences in ileum mucosal aminopeptidase N activity (P = 0.17), but there was a tendency for HS to induce glutamine transport (P = 0.09).
In conclusion, pigs exposed to acute HS had reduced intestinal integrity and increased circulating endotoxin. Furthermore, intestinal glucose transport, digestive capacity, and postabsorptive metabolism is altered during acute HS. This may be an attempt to favor glycolytic metabolism to meet the needs of the heat-stressed animal and the associated infl ammatory response while deemphasizing fatty acid oxidation (Baumgard and Rhoads, 2011) .
